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ABSTRACT

In the experiments to be reported, a d.c. crossed-
field accelerator was attached to the downstream end of a
1.5" diameter combustion driven shock tube using either argon
or alr as the working fluid. The applied magnetic field was
varied from O to 15 kilogauss, and the_electrical power from
0.5 to 11 megawatts. By means of the J x B body force, the
shock heated gases were accelerated to a maximum of three
times thelr original velocity. The increase in shock front
and gas speed was measured from photographs of the flow
taken with a rotating mirror camera, and lonization gages.
The measured open clrcult veoliages were found to be a few
percent lower than the ideal values for the circular channel,
The electrical power supplied to the test gas was determined
from simultanecus measurements of the voltage and current.
The electrical conductivity of the plasma was measured up-
stream and downstream of the accelerator by the magnetic
inducticn technique,

By apportioning the current between the test gas
and the cooler gases that follow, the momentum and energy could
be balanced. The momentum and energy conversion efficlency
were found to be in the rangedf 60 percent to 90 percent and
40 percent to TO percent, respectively. With the exception of
& few percent, all of the electrical energy delivered to the
test gas could be accounted for by summing the increase in
kinetic energy of the test gas, the energy loss due to the
electrode voltage drop, ohmic heating, and the energy assoc-
iated with the hlgh current densitles in the Hartmann boundary
layer.

The shock heated test gas upstream from the accel-
erator was about 15 percent lonized and had a velocity of

about 4100 meters/sec., a Hall parameter we?e < 1, an inter-
action parameter (9sB2/pu) of about 1 and a magnetic Reynolds

number of about 0.5, the latter two parameters are based on
the tube radius. The electrodes were made of copper strips
and the current averaged over their surface had a maximum
value of 500 amps/cm<.

Thesis Supervisopr: James A. Fay
Title: Professor of Mechanical Engilneering
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LIST OF SYMBOLS

a area

A cross sectional area of shock tube

B magnetic field intensity

Bo applied magnetic field intensity

E electric fileld strength

e change on an eleciron

£ ratio of "heating power" to "pushing power"
G mass flow rate

H enthalpy

h equivalent electrode separation distance
c}— interaction parameter

J applied current

JT total current

J, current flowing through test slug (Region 2)
J2A current flowing through Region 2A )

J current density

Jeo current density in the free stream

X channel loading parameter

L electrode axlal length

L characteristic length

2 test slug length

£b.£.interaction length

M mass of test slug

m mass flow rate
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m mass per atom

n number density

P pressure

4, ionization potential per atom

R gas resistivity

Rg resistance of gas in electrode gap

magnetic Reynolds number

g

tube radius

T temperature

t time

tm measured residence time of slug ln gap
tJ time duration of current flow

u,u_ gas velocity

Au increase in gas veloclty across accelerator

) \' original upstream shock front velocity

8
i . Avg increase in shock front velocity across accelerator
AVS average value of AV
ave 8

AVs peak value of AVs
\ + Av-  electrode surface voltage drop

{ Greek Symbols

S‘H Hartmann thickness

% energy conversion efficiency
‘ o permeabllliiy of free space
) 0 viscosity of fluid
o mass density, sometimes expressed as mm Hg at room temperature
& « electrical ccnducéivity

T, Mean electron collision time




ion~neutral collislon time
potential drop across electrodes
electron cyclotron frequency

ion cyclotron frequency

Subscripts

1 initvial condltions in driven section of shock tube
4 initial conditions in driver of shock tube

2 calculated conditions behind shock
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I. INTRODUCTION
1 Various electrical propulsion schemes have been
% proposed during the past several years as possibilities for

3 substantially reducing the inital ground level launch weight
requirements for propelling large payloads into space. Once

a vehicle has achleved a low earth orbit by means of the con-

ventional chemical rockets, a high thrust level is no longer
necessary. If an electrical propulsion device could be used
after the low orbit is reached, the welght of payload that
could be propelled into higher orbits (near space missions)
could be lIncreased by at least a factor of tuo(l).
It is to be noted that electrical propulsion differs
markedly from chemical propulsion in the sense that in the
| former the source of power and the working fluid are separate
ltems. As a result, the optimum specific impulse for an
electrical propulsion system is not the highest obtainable
value as in the case of & chemlcal rocket. The optimum per-
' . formance is obtained when the total weight of the propellant
and power plant is minimized. MNor electric propulsion schemes
the propellant weilght decreases with increasing specific im=~
pulse. Bagsed on estimates of the specific weights of power
plants that are likely to be availlable in the next few years,
the optimum specific impulse for missions within the gravi-
tational field of the earth is within the raﬂge 1000 to 5000

seconds. Xor interplanetary flights the optimum specific
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impulse 1s within the range 7500 to 10,000 seconds(l).
The various electrical propulsion systems that

have been proposed may be classified as electrostatic ac-

celerators (lon beam devices), or neutral plasma devices.

In the ion beam devices, atomlc lons are formed and acceler-

thet a lower limit of about 7500 seconds must be placed on
the specific impulse for lon beam devices due to practical
considerations based upon the effects of electrode erosion

by heavy ion bombardment, radiation from hot surfaces and

limitatlions of the lon beam devices is avoided. Energy can

flow in the plasma in the presence of a magnetic field, thus
producing a body force which accelerates the plasma and in-
creases the energy of directed motlon ol the gas.

The first of these energy transfer mechanisms ls
utilized in the arc Jjet. In this device, the propellant gas
is heated as 1t flows through an electric arc. The hot gas
is then expanded in a nozzle. The frozen flow losses; that
is, loss of energy that has been invested in dissocilation
and ionization increases with specific impulse and for ef-
ficient operation of the arc Jet an upper limit of about
1500 seconds must be lmposed on %Lhe specific impulse,

ated to the desired velocity in an electric field. It appears(l)

ion space charge current limitation in the accelerating region.
In the neutral plasma devices, the ion and electron

densities are essentially kept equal so that the space charge

be transmitted to the plasma either by Joule heating, thus in-

creasing the thermal energy of the gas, or by having a current

o ralen o it sl e it Bt




The second of the above mentioned energy transfer
mechanisms suggests the possibility of a number of propulsion
schemes since there are a varlety of waysnin which magneto~
hydrodynamic forces can be made to act on a plasma. Since
in these devices kinetic energy rather than thermal energy
1s added to the gas, frozen flow losses may be minimized. Of
the variety of magnetohydrodynamlc devices, the one considered
in this paper 18 a viscously contained accelerator having an
applied current and magnetic field mutually perpendicular to
each other and to the flow (see Figure 1). Before entering
the accelerator, the propellant gas would be preheated by an
arc jet. The electric currents in the presence of the magnetic
field produce a force (J x B) which accelerates the gas. This
accelerating force 1s éerpendicular to the magnetic field and
to the electric current. This device appears to be able to
extend the specific impulse range of the arc jet from 1500
seconds to about 5000 seconds. As was previously noted, this
is the range for the optimum specific 1m§ulse fo? missions
within the Barth's gravitational field.

For the type of accelerator under consideration,
analytical studlies by Fay, Janes, and Keckfg) have shown
that there exists a minimum power level of the order of a
few tenths of a megawatt below which the total losses in-

herent in this acceleration technlque are comparable with
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the ldeal power and operation becomes marginal. The objectives

of the experimental program were tc achleve high levels of

specific impulse and power and to measure the overall per-

formance characteristics of the device, The power level was

to be high in the sense that the total energy losses should
represent only a small fractlon of the input power, thus the
device was to be operated at several megawatts,

For the experimental program a 1.5" combustion
driven shock tube was used as a source of hot lonized gas,
rather than the far more elaborate and expensive steady flow
arc jet, With this equipment a limited amount of gas is heat-
ed and set into motlon by a shock wave that 1s propagated
down the tube., The shock tube charactzristics impose an un-
fortunate limitation on the maﬁimum testing time (less than
100 usec.) and minimum density for operating the acceleratqr.
At initial tube densities (pl) lower than 1 mm Hg in argon
or alr the length of test gas behind the shock front becomes
unreasonable short, belng less than a tube dliameter. As a
result the avallable equipment did not provide the possibility
of a steady flow experiment; only a slug flow could be pro-
duced. Thus no attempt was made to tallor the device to fit
the demands of the various possible analytical steady flow
gas dynamic solutions such as constant temperature and electric
field, constant temperature and magnetic field, or constant
electric and magnetic fields. Furthermore, the slug flow

restricts the experimental measurements to overall performance




characteristics. A far more elaborate steady-state device
would be needed to allow measurements to be made of the more
fundamental variables through the length of the accelerator.
Some experiments have been conducted with the magnetogasdynamic

4,5,6) but these have, in

accelerator using steady flow(
general, been limited to rather low power levels. To date,
these have also dealt only with the overall performance charac-
teristics,

Operating Limitations and Insses

The design of the magnetohydrodynamic accelerator
is influenced not only by the gas dynamics, but also by a
group of auxiliary effects which collectively may control
the range of possible operation. These include the gas con-
ductivity, Hall currents, lon slip, electrode l1lcss, boundary
layer loss, electrode end losses, applied magnetic field loss,
frozen flow losses, and leaving loeses?z). Since, in general,
the experimental equipment must be tailored to meet require-
ments set by the first five effects, these will be examined
in detail below. Concerning the other effects, 1t 1is noted
that the electrcde end loss depends on the shaping of the
magnetic field at the entrance and exit and may be kept to
a low value hy extending the magnetic fleld somewhat beyond
the electrodes(j). The applied magnetic field loss (and
also the electrode loss) can be made small by having a short
length and large cross-section. The frozen flow and leaving
loss are determined by the thermodynamics of the working
fluid (propellant) and need not be of primary concern to
this experimental program,
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(1) Joulie Heating Loss and Electrode Length

The "Lorentz Force” integrated over the channel
length (L) for a constant area channel gives the momentum

flux leaving the channel, neglecting viscous losses, as:
(J x B)L = mfu -uy,) (1)

where m is the mass flow rate, u 1s the exit velocity, and
W is the entrance velocity. If it 18 assumed that the
exit velocity is large compared to the entrance velocity,

then the channel length 1s gilven by the expression:

h o1
PPt @
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where £ is deflned by the eépression £f= F&E’ Assuming no
ion slip, f is Just the ratio of heating power input (j%/“)
to acceleration power input (JjBu), and thus to demonstraté
the operation of a magnetic éccelerator f must be much less ‘
than unity.
For steady flow to be achieved in the shock tube
accelerator, it would be necessary that the accelerator
length (L) be made very small compared to the length of the
test gas slug (£). Table I shows the dependence of f on
the initial density (pl), shock velocity (Vé), and accelerator

length for the interésting case of maximum Lorentz Force* and

*It is assumed here that the magnetic flelds that can be
applied in the laboratory are presently limited to about
15,000 gauss and the applied current is limited to about
25,000 amps.
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minimum density (maximum velocity increase), that can be
achieved using argon as the working fluid.
Thus with the availlable equipment it 1s not possible

to produce substantial magnetohydrodynamic acceleration of
the test gas (AVS equivalent to specific impulses of aboub
1000 sec.) by means of operating at the lowest densities
and highest obtainable Lorentz Force and at the same time
approach steady flow by making the accelerator length an
order of magnltude shorter than the length of the test gas

slug, for under these conditions f exceeds unity. If the

TABLE I
Ideal AVS forf<<l
Ideal Power Steady Flow
. for f£<<¢1
Py Vs £ Steady Fl Eaquivalent
£ - 1 o s y L2ovW Specific Impulse
mm.Hg | m/secd F L=yt L=£ | Megawatts m/sec. | sec.

1 5450 | 2.6 3.4 .34 22 11,540 1180
1 4800 2.5 4.5 45 23 12,560 1280
1 3200 2.1{18.0/1.80 36 26,000 2660
2 4800 | 4.0f 3.0} .30 16 7,560 775
3 4500 113.0f 1,01 .10 13 5,420 ! 555

FOSSIBLE RANGE OF BXPERIMENTS IN 1.5" SHOCK TUBE USING
ARGON AS WORKING FLUID
(d = tube diameter)

objective of substantial magnetic acceleration of the gas is
to be achieved, then the accelerator length must be made at

least as long as the slug in order to maintain f reasonably
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less than unity. In the experiments to be reported herein,
two accelerator lengths were used; one about twice the slug
length, and the other four times the slug length.

(2) Hall Currents

At high magnetic field strength, the electrons
follow curved paths between collisions due the (Vé x B)
force. Thus, the electrons tend to drift in a direction
perpendicular to the net electric fleld and to the magnetic
field. If, in Figure 1, the current 1s assumed to flow in
the y~direction, then the current density and the electric
field are related by:

Ey = uiB = Jy/ﬂ' (BA)
B, = (0,72)%y (3B)

where wezé is the product of the electron cyclotron angular

frequency and the mean electron collision time, and is given

IB_
nie’
Thus, at sufficiently large values of wéq; the

by the expressicn wéZé =

longitudinal field (Ex)_could be larger than the transverse
field, in which casé steps must be taken to prevent discharge
of the Hall field (Ex) through the boundary layer. If there
is no "Hall" field established; that is, the Hall currents
are allowed to flow, then the full expression for Ohm's law
for the case of orthogonal magnetic and electric flelds shows

that two components of the current exist, namely,

e ey — e AV
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The longitudinal component of the current, or Hall current,

effectively reduces the axial component of the body force by

the factor p— (iété)zand also introduces a transverse com-
ponent of the_body force,

One method that has been suggested to prevent Hall
currents from flowing in a practical machine 1s to use seg-
mented electrodes; that is, a series of electrodes in the
axlal direction electrically insulated from one another so
that a Hall fieid is established(7).

In general, the Hall effect becomes important for
wété greater than unity. The values of wétg over the range
of initial shock tube densities, shock speeds and magnetic
fields that are of interest range from about 0.2 to 0.7 Since

continuous electrodes are used in the experiments, E, = O,

pd
and the effective electrical conductivity will be reduced by
as much as 50 percent for wbté = 0.7

(3) Ion Slip

The Lorentz Force is applied to the electrons sinca
the current is almost entirely due to the electrons. The
force 1s transmitted to the heavy 1on§ by electrostatic fields
which are generated by means of a slight charge separation.
For the neutral particles to be accelerated, they must undergo

sufficient collisions with the ions so that the momentum

P P ST S ]




-l Q-

increase of the ion stream is transmitted to the neutrals.

The veloclty of the ions, relative to the neutrals, is a

measure of the "ion slip". It is shown in Reference 2 that

in the absence_of Hall currents the ratio of neutral velocity v

to ion velocity 1s given by:

vheutral = 1 (5)
ion T+T (o 7o) Wregy)

where (wIQEN) 1s the product of the ion cyclétron frequency

and the lon mean free time for neutral collisions. The ion
slip velocity becomes appreciable when f (wété) (wIZEN)J’ 1.
Over the range of initial shock tube densities and shock speeds
that are of interest in the experiments reported herein, the
value of f (we?;) (wIQEk) 1s &« 1 and therefore no appreciable
"ion slip" will occur.

(4) Electrode Loss

In the immediate neighborhood of the electrode
surface there will be a voltage drop associated with the
current flowilng to the electrode. The electric power associa-
ted with thils voltage drop and current will be converted into
heat and dissipated in the electrode without substantially
affecting the gas motion and muét be considered a loss. The
magnitude of this voltage drop is dependent on the electrode
configuration as well as 1ts temperature and composition

through the manner in which these properties control the

e a o Ay e

P R N ]

P
e e Pyt £l




-]l

boundary layer over the electrodes and the method of electron
emission. Since the surface voltage drop is in series with
the voltage across the electrode gap, the ratio of power

lost at electrode surface to useful power is simply:

o (6)

where Aw- = clectrode surface voltage drop, and h is the width
of the electrode gap. Thus, in order that the power loss
be small, the back emf of the accelerator must be large com-
pared to the voltage surface drop.

In addition to having a reasonably low surface
voltage drop, the electrodes must be capable to providing a
uniform current denslty over thelr surface, In general, both
of these requirements would indicate an electrode configura-~
tion which provides intimate contact between the gas and the
electrodes by keeping the boundary layer as thin as possible.
A variety of designs have been proposed to produce this
desired effect, such as multiple points, wire mesh, or serra-
ted electrodesgu’5’6’8). In the experiments reported herein,
no attempt was madeto sophlsticate the electrode design; they
were simply copper strips. In these experiments the electrode
loss was small under the conditions of maximum accleration.

(5) Boundary Layer Losses

Along the surface of the electrodes the accelerat-

ing body force (J x B) 18 the same as in the free stream and

PRPRPIT AR VORIV TRIPPE AP AR Y
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is of the same order as the viscous and inertia forces in
the boundary layer. The body force has the same effect as
a favorable pressure gradlent and a normal aerodynamic boundary
layer with its attendant momentum loss bullds up on the elec-
trodes. However, on the insulating walls of the accelerator
(the walls normal to the m:.netlc field), the development
of a viscous boundary layer has, in addition to the usual
momentum loss, a second and possibly more serious effect;
namely, this 5oundary layer provides a short-circuit path
between the electrodes due to the fact that within this boundary
layer (Hartmann type) the back emf is lower than in the free
stream but the applied electric fleld (Ey) is the same. Thus,
near the wall currents as large as “Ey can flow, and since
these currents would be substantlially greater than those in
the free stream, large electrical losses could result.

In addition to the possible limitations mentloned
so far, one fundamental limitation of this acceleration
technique has been pased over; namely, that due to the finite
diffusivity of the magnetic field. The principle of operation
of the magnetohydrodynamic accelerator regulres that the fluild
enter and leave a reglon where an applied magnetlc flield exists.
This 1s possible only 1f the time required for the field to
leak into the fluld a certain characterlstic distance is
small compared to the time required for the fluid to flow
the same distance; 1l.e.,, 1f the magnetic Reynolds number is

small compared to unity. This ratio is given by:

 tan R BB - 8 . 2Pt
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Ry = “ 1, uk (7)

where 9 is the gas conductivity, o is the permeability of
free space, u is the fluld veloclty, and X 1s the character-
istic length. At small values of R (R, 4¢1), Maxwell's
equations are decoupled from the gas &ynamic equations and
the field should remain virtually unaffected by the fluid
motion. In the experiments reported hrroin, the value of R,
at the entrance to the accelerator was about .5 based on the
radius of the tube as a characteristic length. Since the
conductlivity as well as the velocity increases along the
length of the accelerator, the original veloclity may be in-
creased by only a factor of two before the requirement of
(R, < 1) is violated.,

If, as the gas slug 1s accelerated, Rm becomes
sufficiently greater than unity, then in order to leave the
accelerator the gas must provide the energy needed to sweep
out the magnetic field.

In the experiments %o be reported two lengths
of electrodes were used, 25 and 58 cms. respectively. The
ideal length of test gas was about 70 cms and the measured
length (z) was about 15 cms. The electrical power supplied
to the electrodes was varied from O to 11 megawatts. Table II
shows representative values of significant parameters evaluated
at the entrance of the acceleration for argon over the range

of operation.
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TABLE IT

l ' e
Boi Flow f o] Rm we'z; pevsz 032v
kg Mach N_ Jp=25,000 Amps mhos/cm =Op uT B2/2u-o pou
0 2.1 - 45 0.45 - - -
5| 2.1 0.9 45 0.45) 0.22] 7.7 .2
15| 2.1 0.3 45 0.45| 0.67 0.8 2
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IX. DESCRIPTION OF APPARATUS

The equipment used in the investigation may be
convenlently grouped in the following way:

1. Shock Tube

2. Accelerator

5. Current source

4, Magnetic field source
5. Measuring devices

l. Shock Tube

The shock tube (see Figure 2) was a conventional
combusion~driven tube of 1,5" inside diameter and 20 feet
leng. The driver consisted of a 2.5 foot length of 2.5" in-
slde dlameter pipe and was connected to the driven section
through a reducing nozzle of two diameters in length. The
driver was filled by first admitting oxygen at a pressure
of 6.8 psig, then hydrogen was at 50 psig and finally helium
at a pressure of 250 psig, the latter being used as a mod-
erator to decrease the possibility of a detonation. The
mixture was ignited by discharging a 20 puf capacitor bank
charged to 4000 volts through a .003" diameter copper wire
which was stretched along the 16ngitudinal axlis of the
driver. After combustion, the driver pressure was estimated
to be about 1500 psi. A copper diaphragm (.023" thick),
scribed in the conventional "X" pattern by means of a

weighted glass cutter, separated the drlver from the

PP NPT VRSl
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driven sectlion. The use of an oversize driver slightly in-
creased the shock speed for a given driver gas pressure and
temperature., |

The driven section cunsisted of 16 feet of 1.5"
inside diameter stainless steel pipe followed by the accel-
erator and a length of pyrex brand "doubld-tough' glass pipe.
Two accelerators were used in these experiments: one 18" and
the other 36" long. The shorter accelerator wés followed by
a three-~foot sectlion of glass pipe and the longer one by a
two-foot section. A 15 cubic foot dump tank was connected
to the end of the glass plpe to prevent a shock from beilng
reflected into the tube. A .010" thick acetate paper dia-
phragm was used to isolate the dump tank from the driven
section of the shock tube, Vacuum~tight joints in the shock
tube were made with teflon gaskets and rubber "O" rings.

The driven section of the tube was pumped down by
a mechanical vacuum pump. A liquid nitrogen cold trap was
located between the pump and the shock tube. The lowest pres-
sure to which the driven section could be pumped depended on
whether the particular accelerator being usedwas made of
glass or linen~base phenolic tublng. In the former case,
the tube could be pumped down to somewhat less than 5 microns
and it exhibited a combined leak and outgassing rate of one
to two microns pexr minute over the first three minute in-
terval after sealing the system. Whenthe accelerator was !

constructed from phenolic tubing, the driven section could

be pumped down to about 15 microns and under these conditions

L L PR Y
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the combined leak and outgassing rate was about 5 microns per
minute during the first three minutes.,

The driven section of the tube was filled by admitt-
ing the gas at the upstream end of the tube and exhausting
it through the vacuum pump at the downstream end. This purg-
ing was continued for about five minutes before the system
was sealed off. The shock tube was fired less than two minutes
after the driven section was sealed off; thus the maximum amount
of gas impurities due to leakage and outgassing was less than
two percent for initial gas pressures of 2 mm. Hg.

2. Accelerator

Two different leng.h accelerators were used in these
experiments. The shorter one had a channel length of 18 in-
ches, electrodes of 10" length and an applied magnetic field
that extended over an axial distance of about 14". The longer
accelerator had a channel length of 36 inches, 23" electrodes,
and an applied magnetic field that extendgd over an axial
distance of 29 inches. The lengtbh of the magnetic field cited
here includes the 2" length at each end of the field over
which the field decays to about 5 percent of its average value,

The accelerator was originally constructed of glass
pipe, but the glass fractured violently when attempts were
made to accelerate the gas by more than 50 percent of its

. original speed. As a result, the accelerator had to be con-

structed of thick-wall (1/4") linen base phenolic tubing.
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The electrodes were made of .040" thick copper
strips and were held tightly against the inside wall of the
accelerator by machine screws soldered to the electrodes.
The leads that carried the current from the capacitor bank
to the electrodes were closely spaced copper strips that
were bent into a cylindrical yoke at the end. This yoke
was then fitted snugliy against the outside wall of the ac-~
celerator at the upstream end. Two heavy brass screws, sold-
ered to the yoke and the electrode, carried the current through
the accelerator walls.

5. Current Source

The current was supplied by a 3600 uf (2500 volt,
11,250 Joule) capacitor bank which was connected in series
with the electrodes and an overdamping carbon resistor of
high heat capacitance. With the electrodes short-circuited
this overdamped RLC circuit reached its peak current in
about 30 microseconds with an average current over this
period equal to 75 percent of the peak, and the time for
the current to decay to one~third of its peak value was about
600 microseconds. The capacitor bank was fired when the
shock front had travelled to a station about 2.5" within
the electrode gap. In this manner the current density in
the gas remains nearly constant as the gas slug enters the
electrode gap.

The firing of the capacitor bank was controlled by
a 5551A Ignitron tube. The current pulse necessary to trigger




R ey o

T P
o e . PO TSI o o IR R

[P

~19~-

the ignitron was provided by a thyratron capacitor circuit
whose grid bias was controlled by an ionization gage located
2.5" downstream from the leading edge of the electrode gap.

The highest total current that could be delivered
to the accelerator by this equipment was about 25,000 amps.
4, Magnetic Field Source

An air core single layer rectangular shaped coil
was used to produce the applied magnetic flield. The coil
for the shorter accelerator measured approximately 3% 1/2"x
3 1/2" x 15" long. The coil was constructed out of 15 turns
of No. 5 insulated square copper wire. The coil was formed
in such a manner that the accelerator channel could be slipped
through the small sides (3 1/2" x 3 1/2") of the coil, the
long sides of the coil béing paréllel to the shock tube axis,
Thus the field generated by the coll was perpendicular to
the gas flow.

The coll was connected in series with a 2400 uf
(2500 volts, 7500 Joule) capacitor bank and an igniltron,
the latter belng used as a switch to fire the bank at the
appropriate time. The circuit rang at a measured frequency
of 500 cps (or 500 us per one-quarter cycle). In order to
allow the magnetic field to bulld up to i1ts maximum value
by the time the shock front reached the accelerator, the
ignitron switch was closed about 500 pus before the shock

reached the accelerator. Thus, during the maximum testing
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time of 100 us, the applied magnetic field varied by less
than two percent. The current pulse required to trigger
the ignitron (Model 5551A) was supplied by a thyratron-
capacitor ciréuit, whose grid blas was controlled by an
ionizatlon gage located at an adjustable distance upstream
from the accelerator.

At any given position along the longitudinal axis
of the accelerator (L.e., the shock tube axis), the measured
magnetic field for é fixed time did not vary by more than a
few percent over the channel cross~3ection. Along the longi~
tudinal axls of the accelerator, the measured magnetic field
averaged over the tube cross-section had a maximum value
at the mid-way point of the coil, then gradually decreased
to 80 percent of the peak value at + 5.0" from the midpoint
and then, near the ends of the coil, fell almost linearly to
5 percent of the peak value at + 7.0" from the midpoint.

The energy dissipated in this circuit by ohmic
heating during the first one-~half cycle was about 20 percent
of the original energy stored in the capacitor bank.

The megnetic field coil for thie longer accelerator
was constructed in the same manner as the shorter one, and

had the following characteristics:

Dimensions 3" x 3" x 30"
Number of turns 14; No. 5 square wire
Capacitor bank 4800 uf, 2500 volts, 15,000 Joules
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! Measured ring frequency 270 cps

Measured magnetic field + 3 percent
4 varlation over channel -
cross section:

: Measured magnetlc field Peak at midpoint of the

3 along the longitudinal coll; 92 percent of peak at +

b accelerator axis: 12.5" from midpoint, 5 percent

1 of peak at + 14.5" from midpoint.
' Variation of peak magnetic + 2 percent™

field over maximum testing ~

times of 150 us:

Measured 12R loss during about 40 percent of initial
1 first one-half cycle: energy in the capacitor bank.

5. Measuring Devices

The following quantities were measured for each run:

A. Shock front veloclty and flow behind the shock
B. The electrical conductivity

C. The current passed across the electrode gap

D. The voltage drop across the electrode gap

E. The initial pressure in the shock tube

A. Shock Front Velocity

Two methods were used to measure the shock front
velocity: (1) low voltage lonization gages, and (2) rotating
mirror (smear) camera. The ionization gages consisted of a
flange made from an electrical insulator through which two
1/E" diameter brass rods, 1/4" apart, were inserted and

allowed to protrude about 3/16" into the gas stream. The
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two brass rods, a 24 volt auto battery, and a 4 ohm resistor
were connected in series. When the shock front arrived at
the lonization gage, the hot gases closed the gap between
the rods, allowing a current to flow in the circuit. As a
result, the voltage across the gap dropped rapidly (within

2 u-seconds). In order to measure the shock front speed
fore and aft ¢f the accelerator, a pair of such ionization
gages were located upstream of the accelerator and separated
by a distance of five feet. A similar palr was located doﬁn~
stream of the accelerator and separated by aldistance of 2
or 3 feet, The voltage signals from each pailr of gages were
recorded on a dual-beam oscllloscope, so that the time for
the shock front to travel the distance between the gages
could be easily measured,

A rotating mirror camera was used to obtain smear
photographs of the shock~heated gases. In this technique,
the camera was focused on either a vertical or horizontal
slit of the tube and the image of the luminous gas was
smeared out over a stationary film by means of a high-speed
rotating mirror. The particular camera used in these ex-
periments had a writing speed capability of several milli-
meters per microsecound.

When the camera was focused on a vertical slit,
the smear photograph indicated the length of test gas and

the uniformity of the radiation over the channel cross-section.
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vhen the camera was focused on a sufficiently long horizontal
slit, the smear photograph provided an accurate measure of
the shock front velocity. It also provided a history of

the length of the hot luminous gas slug, the uniformity of
light output along the slug length, and in some cases 1t also
provided a measure of particle veloclity in the flow behind
the shock front.

B. Electrical Conductivity

The method used to measure the electrical conductivity
was the magnetic induction technique developed by Lin ‘et alfg).
In this technique, a field coil with its axis along the axis
of the shock tube sets up an axially symmetric magnetic field
with radial components. The moving gas interacts with this
radial field causing a circumferential current to close
within the gas. This ring current induces a magnetic field
which links a search coil placed close to the field coil.

The rate of change of this fleld with time due to the gas

flow induces a voltage 1in the search coil circuit, This in-
duced voltage is recorded as a function of time on an oscillo~
scope and from this response the gas conductivity may be
calculated with the aid of a suitable calibration. The field
coil had a resistance of 7 ohms and was connected in series
with two 12 volt automoblle batteries. The maximum axial
field produced by this coil was calculated to be about 1300
gauss. This maximum field 1s approximatély five times less
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than that field strength at which the cyclotron frequency of
the electrons in tﬁe gas is of the game order as the collision
frequency of the electrons. This low field is required in
order to prevent the electrons from being confined by the
magnetic field. This gage was calibrated by shooting an
aluminum slug through the coil and recording the response.

The conductivity was found to be given by the relation.
¢ = 1l1.7 %-mho/bm (8)

where a is the area under the search coll response in milli-
volts times microseconds, and u 1s the gas particle velocity
in meters per second.

C. The Current

The current flowing across the tube was measured
by meané of a search coil located between a set of flat
parallel copper plates that served as part of the current
leads. The output signal of this search coll was fed into
an integrator in order to obtain a direct measure of the
instantaneous current. The output of the integrator was
compared (for capacltor bank voltages up to 600 volts) with
the value of the current obtained by measuring the rate of
change of the capacitor bank voltage with respect to time.
With the availlable oscilloscopes, the latter measurements
could not be made at bank voltages above 600 volts without

the use of external attenuators, the characteristics of
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which seemed uncertain under the experimental conditions.
The two measurements agreed with each other within + 5 percent.

D. The Voltage Across the Electrodes

The voltage Arop across the electrode gap was
measured directly by means of a Tektronix oscllloscope
equipped with a differential preamplifier. The oscilloscope
leads were attached to the extreme downstream end of the
electrodes in order that these leads would not link any of
the magnetic flux produced by current flowing in the electrode
circuit.

E. Initial Gas Pressure

The initial gas pressure in the driven section of
the shock tube was measured by means of a Pirani gage. The

Pirani gage was callbrated agalnst a McLeod gage.
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III. DATA PRESENTATION AND DISCUSSION
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The data is presented in the following oxrder:
Experimental conditlons

a. Shock tube flow
b. Range of experiments

Effects of circular geometry and open circuit
voltage measurements

Shock attenuation due to aerodynamic drag and
magnetic field

Voltage current characteristics
Evidence of acceleration

a. Measured increase in front speed

b. Measured increase in gas veloclty, smear photographs

¢c. Time for test slug to travel through electrode gap
d. Time rate of change of induced electric field

Comparison of measured and predicted velocity in-

crease, momentum balance

Energy conversion efficliency and energy balance

Electrical conductlivity measurements

Generator experiments

l. Experimental Conditions

A. Shock Tube Flow

in operation is shown in the conventional x-t diagram in
Figure 3.
driven section opens, a compression wave moves into the

driven section and rapldly steepens to form a shock and an

The flow in the shock tube without the accelerator

As the metal diaphragm separating the driver and
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expansion wave moves into the driver section. The gas behind
the shock is heated and set into motion to the right. The
"'econtact discontinuity" separating the driven gas from the
driver gas broeciens into a region where the two gases are
mixed. This mixing results from turbulence associated with
the opening of the heavy metal diaphragm and causes the
actual length of pure hot argon test gas'to be shorter than
the ldeal length expected from the x-t diagram,

In aidition to this mixing phenomenon, at sufficiently
low initial tube densities the boundary layer in the flow
behind the shock front may impose an even more severe limit
on the obtainable length of hot test gas (Reference 10)., 1In
the experiments reported herein, the actual slug length of
test gas as determined from electrical conductivity and photo-
multiplier measurements remained approximately constant
over the downstream half o the driven section and was equal
to about 1/4 of the ideal length. It could not be discerned
from the experimental results whether the boundary layer or
the mixing at the "contact discontinuity" controlled the
obtainable length of the test gas, and thus it was not clear
whether the gas in all of region 2A of Figure 3 was a mixture
of argon and driver gas (mostly helium) or whether it was
simply cold argon.

The smear photographs ehowed that the length of

luminous gas behind the shock front remained constant over
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the full view field of the camera, about three feet of channel
length. For the initial tube density at which most of the
experiments were run, l.e, Py = 2 mm. Hg., with argon as the
working fluid, the length of luminous gas observed by means

of the smear photographs was 15 cms. Over the same length

of channel (3 feet), the ideal x~t diagram indicates that

the shock accumulates enough new fluid to increase the slug
length by an additional 10 cms. These observations are in

agreement with others made in shock tubes operating at
(10)

-

sufficiently low densities
The shocks utilized in these experiments to pro-
duce the hot flowing plasma were quite strong (about Mach 15).
The gas velocity for a shock of this strength in argon is
about 85 percent of the shock front velocity. The gas flow
Mach number is slightly greater than 2, the gas temperature
is about 12,000°K, and the static gas pressure behind the
shock is about 1 atm., the degree of lonization being about
15 percent.
The flow in the shock tube with the accelerator in
operation is shown in the x-t diagram of Figure 4. It should
be noted here that the applied magnetic field, although
sinusoidal in time, has a very long half cycle time (nJlO3u—sec.)
and the applied magnetic fleld may thus be viewed as a d.c.
field during the experimental time, The magnetic field coil
is energized in sufficient time to allow the applied field

to build up to its maximum value by the time the gas arrives
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at the accelerator. It 1s assumed that the flow is not re-~
flected as the shock enters the magnetic field, and so the
flow remains essentially unaffected by the presence of the
accelerator until the shock front arrives at station "b"
(about 2.5" inside the electrode gap) at which time current
flow across the electrode gap is initiated. The resulting
J x B body force accelerates the shock-heated gases and the
shock front speed is correspondingly increased. Evidence
that the flow 1s indeed accelerated was obtained from four
measurements: (1) increase in shock front velocity as
observed by means of the lonization gages and by means of
the smear camera, (2) increase in gas velocity as observed
by means of the smear camera, (3) time required for test
slug to pass through the accelerator as measured from the
gap voltage vs. time trace, and (U) increase in the induced
electric field as the test slug is accelerated along the gap
length as measured from the electrode voltage-~time responses.
At sufficiently high accelerations, the shock front velocity
was observed to undergo a rapid reduction in velocity affer
it had travelled about ten channel diameters from the accel-
erator. Such an adjustment of the front speed would be ex-
pected as a result of the 'new" fluid which the shock accumu-
lates as it moves sufficiently far downstream and which must
be brought up to a speed near Vé + AVé, and as a result of
the fact that the gases far in back of the shock front were

pot pushed on with as strong a body force as the test gas.
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In the horizontal smear photographs of experiments
where the gas was accelerated, "streaks" resulting from patches
of gas with high local luminosity were clearly visible in a
region extending from about 15 cms to 80 cms behind the
shock front. These streaks provide a measure of the gas
velocity and from these measurements (when made in the vicin-
ity of station "d", the entrance to the glass channel) it was
seen that substantial acceleration was produced in the gas
up to a distance of about 60 cms behind the shock front. The
experimental evidence indicated that not only the test slug
(Region 2) was accelérated, but that the originally non-lum-
inous gases in Region 2A became luminous and were accelerated
to approximately the same velocity as the gases in Region 2.

A representative sketch of the current and voltage
vs., time responses is also shown in Figure 4.

The current vs,., time and voltage vs. time traces
were portrayed on a dual beam oscilloscope to facilitate
comparison. The voltage traces showed three distinct Jjumps
in the voltage drop across the electrode gap. The first jump
was completed in about one pusec., and took place as the shock
front entered the electrode gap, and represents the induced
back emf, The second jump was completed a few p-sec. and
occurred when the applied current started to flow. After
the second jump, the voltage continued to increase at a rate

approximately proportional to the magnitude of the applied
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body force and the applied magnetic field. The third observed

Jump took place over a much longer time interval (15 to 35

u-sec.) than the first two and constituted a two-‘to four=

fold increase in the voltage drop across the electrodes.

This third increase was taken as evidence that the test

gas slug was leaving the electrode gap and being followed

by a mixture of driver gas and argon with much lower electrical

conductivity. In general, after the third jump the voltage

remalned at about the same level for a few hundred microseconds.
The current vs. time responses show that after the

electrode~capaclitor bank circuit is closed, the current builds

up from zero to a peak value in about 3@ p-sec, In an addi-

tional 50 p~sec., the current has decreased to about 75 per-

cent of 1its peak valpe. The current then remains at about

75 percent of its peak value until it cuts off after a total

interval of about 110 to 250 p-sec., depending upon whether

the particular run was in the low or high current range.

Thlis latter dependence of the current duration stems from

the fact that in genéral the current was adjusted by changing

the voltage to which the capaclitor bank was initially charged,

with the result that at low applied currents (low bank voltage)

the circuit was unable to maintain a constant~current after

the multiple voltage Jjump that takes place as the.hot slug

leaves the electrode gap. It should be pointed out that it

took about 250 p-sec. for the "ideal" slug length of argon
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to travel throush the electrode gap and that the argon was

followed by driver gaswhich, belng almost all helium, was

not electrically conducting.

B. Range of Experiments

Two groups of experiments were performed; one
using the shorter accelerator (10" electrodes), and one
using the longer accelerator (23" electrodes). In the
former group of experiments, the shock tube was first opera-

ted using argon as the working fluid av a fixed initial den-

T

sity of 2 mm. Hg. and a shock speed of Mach 15 while the

3 applied magnetic field was varied from O to 15,000 gauss in
E

? steps of 5,000 gauss. The applied magnetic field was then

4 held constant at 10,000 gauss and the initial tube density
was first reduced to 1 mm. Hg. and then increased to 3 mm.
Hg. Finally, alr was substituted for argon as the working
fluid, and a set of experiments was run with an initlal shock
tube density of 2 mm. Hg. and an applied magnetic field of
10,000 gauss. In most of the sets of experiments, the total
applied current was varied from O to 25,000 amps.

In the second group of experiments, those using
the long accelerator, the initial shock tube density was
held constant at 2 mm. Hg. and the appiied magnetic fileld
was held fixed at 10,000 gauss for the first set of experi-
ments in argon, and at 15,000 gauss for the second set. Finally,
alr was subs-ituted for argon as the working fluid and one run

was macde with an applied fleld of 10,000 gauss.
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In addition to the acceleration test, a few experi-
ments were made with the electrode leads of the short ac-
celerator disconnected from the current source (capacitor
bank) and connected through a resistance load. Electrical
power was thus tapped out of the device and dissipated in
the external load.

Table III shows some of the parameters of interest
at the entrance and exit of the accelerator for each of
the vuarious sets of experiments.

2. Channel Geometry and Open Circult Voltage Measurements

Before discussing the results of the accelerator
experiments, some consideration must be given to the circular
geometry of the accelerator channcl. Fishman(ll) has made
an analytical study of the circular geometry compared to
the rectangular geometry of the same cross-sectional area
and flow parameter. This analysis assumes (1) a long channel
with both the magnetic Reynolds number and éhe interaction
parameter (“rBe/bu) based on the channel radius much smaller
than unity, and (2) that the electiical conductivity is a
scalar quantity. These assumptions imply that none of the
flow parameters change significantly in one tube radilus;
that the fluid velocity 1is along the chann:l axis only, and
is of constant magnitude; and the only magnetic field 1is
the applied field. In this study, Fishman showed that the

behavior of the steady magnetonydrodynamlc flow through the
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cil.cular channel depends upon the width of the electrodes.
The narrow electrodes make poor contact with the fluid, thus
giving the channel a high internal resistance, whereas wide
electrodes are in part parallel to the induced and applied
electric fileld and hence cause eddy current losses. These
eddy currents flow between the edges and center of each
electrode independently. It 1s to be noted that the power
dissipated in these eddy currents is a source of entropy
which does not vanish with vanishing current flow in the
external circuit. The optimum electrode width depends on

the desired performance characteristic. Fishman showed that
for the case where the channel was to be used as a generator
and maximum power was to be tapped off, the electrode width
should be such that each one subtends an angle of a = 80°
with the tube axis. If a channel efficiency of 80 percent

is desired, then an angle of a = 60 percent permits an output
power about 12 percent less than the rectangular channel of
the same efficiency. If the channel is loaded to give the
same power as an 85 percent efficient rectangular channel,

it will have an efficiency of 82 percent. The electrodes used
in the experiments reported herein had a value of a = 650.
From the analytical study, this value of a gives a value of
the parameter "’Rg equal to 1l.2.and (¢)o.thrBo = .91 where

K. 1s the resistivity of the gas, ¢

g OeCo
voltage across the electrodes, u is the gas velocity, and r

is the open circuit

Y
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is the tube radius. The former indicates the relative in-

o iane |

crease in channel electrical resistance compared to a square

channel with full- width electrodes. The latter parameter

L

is the relative decrease in the electrode spacing due to
i the circular geometry; that is, (¢)o.c./hBo may be taken
as an effective separation distance of the electrodes.

The assumptions on which Fishman's study was based
will, of course, in general not be satisfied in the case of
high acceleration experiments. However, they wlll be satis-
flied for experiments where the external electrode circult

was open circuited. Representative open circult voltage vs.

time traces are shown in Figure 5 for the case of Bo =5,

10, and 15 kilogauss. From these voltage traces it is seen

that as the front of the gas slug moves into the electrode

| gap, the voltage increases, This increase approximately
follows the shape of the applied magnetic field along the
accelerator axis, but the voltage level is some 5 percent
lower than the local value of uBoh. This latter discrepancy

' appears to be due to end effects. During the time interval
that the test slug is entirely within the electrode gap,
the measured voltage is at its peak value and the local value
of B0 ls aso at lts peak and equal to 5, 10, and 15 kilogauss.
These peak values are plotted in Figure 6. Over 2 range in
magnetic field strength of 5 to 15 kilogauss and a gas
velocity range of 3200 to 4100 m/sec., the measured open
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circuit voltages are a few percent less than the predicted
values (= .91 uBOQr) which implies that other internal short

circuit paths are not substantial under these conditions but

do exlist. The presence of a Hartmann boundary layer on the
non~-conducting walls provides a possible short circuit path.
1 For the case of such an MHD boundary layer growth
ﬁ over a flat insulating plate, Moffatt(la) points out that

at the beginning of the plate an equililibrium exists between
the viscous and inertial forces, the magnetic force not

being .significant; whereas at a distance of one interaction
length (zb.z. = pu/¢B2) or more, the magnetic forces and
viscous forces estaélish an equilibrium with the inertial
forces becoming relatively unimportant. Thus the MHD boundary

layer should be established in a distance £ from the lead-

b.4.
ing edge of the electrodes, For both the hot and cold wall
cases consldered by Moffatt, the thickness of the MHD bound-
ary layer was calculated to be of the order of the Hartmann
thickness (SH ==/:——1i%2-). For the experiments presented here,
the values of the-interaction lengths are 12.7, 3.2, and
l.4 cus. for B, = 5, 10, and 15 kilogauss, respectively for
argon of p, = 2 mm Hg.

If the MHD boundary layer 1s assumed to be of
uniform thickness equal to the Hartmann thickness (5}Q along
the length of the electrodes, and 1f the conductivity of the

gases in this layer is assumed to be equal to that of the gases
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in the free stream, and if a linear velocity profile is
assumed then the current flowing through the MHD boundary
layer when the electrodes are open circuited may be calculated
and the resulting decrease in open circult voltage determined.
This reduction in ¢o.c. is of the order of a few volts and
is shown as curve "B" in Figure 6. Since the scatter in the
data is of the same order as the difference between curves
"A" and "B" it can only be stated that the order of magnitude
of the short circult currents flowing through the MHD boundary
layer is given by assuming this layer to be of constant thick-
nesssfiand.to have an electrical conductivity equal to that
of the free stream gases (the value of viscosity used to
calculafe SH.was taken from Reference 15). It should be
pointed out that these internal short circuit currents close
completely within the gas.

Only the component of J perpendicular to the mag-
netic field is effectlve in producing an axlal acceleration
of the gas. Thus, to calculate the ideal body force, the
space average value of this component of the current must be
determined. However, this averaging appears to depend on’
the channel loading and is not readily computed. As a result,
and as a first approximation based on Figure 6, the calcula-
tions made in the following discussion assume (1) that the

circular channel can be treated as if it ﬁere a rectangular

channel of the same cross~sectional area with full width
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electrodes which are separated by a distance of h = .91(2r) =
3.48 x 1074 meters, and (2) the internal gas resistivity is
l.2/9,

5. Shock Speed Attenuation due to Aerodynamic Drag and
Applied Magnetic Field

In order to determine the effects of the aerodynamic
drag and the applied magnetic field on the flow downstream
of the accelerator, experiments were performed in which no
current was supplied to the accelerator but the applied mag-
netic field was varied from zero to 15 kilogauss.

The measured values of the shock speed attenuation
for the.case of the short accelerator using argon at an in-
itial tube density of 1 and 2 mm, Hg. and a shock Mach number
of 15 and 17 are shown in Figure 7 and 8 respectively. These
measurements are based on the average upstream and downstream
front velocity as measured by means of the ilonlzation gages
and thus represent the attenuation over 5.5 feet of channel.

When the measurements for the case of an initial
tube density equal to 1 mm. Hg. were made, the electrodes
were removed from the channel, whereas the measurements for
the case with Py = 2 mm. Hg. were made with the electrodes
in place. In the latter case, the curved electrodes pro-~
vided a source of entropy even though the glectrodes were
not connected to an external load.

The attenuation due to the aerodynamic drag only

is seen to be of the order of 10 percent or about 1.8 percent
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per foot of channel. The additional attenuation due to the
presence of the magnetic field (short accelerator) is of

the order of 5 percent at the maximum applied field. VWhen
the values of attenuation for the two initial densities are
compared at a given value of the ratio of magnetic pressure
to gas pressure, the absence or presence of electrodes seems
to make little difference,

For the experiments where the electrodes were pre-
sent (pl = 2 mm. Hg.), the electrical conductivity was
measured at a station about 15 diameters downstream from
the electrodes. A representativesample of the conductivity
gage responses is shown in Figure 9. From the responses,
it is seen that at sufficiently high magnetic fields (> 7.5
kilogauss) the conductivity no longer remains constant over
the slug length but rather goes through a slight decrease
and then a larger increase so that the gas in the rear of thne
slug has a higher conductivity than the gas in the front por-
tion of the slug. It is to be noted from Figure 9 that a
similar distortion is observed when B0 = 0, butthe conductivity
measurement is made further downstream, about 24 diameters
from the electrodes. This same type of distortion of the
conductivity profile of the slug was also observed in the
generator experiments and even more severely in the accel-
erator experiments when a current; but no magnetic field,

was applied. Smear photographs taken under the latter conditions
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showed that the region of lowered conductivity was also a
region of lowered lumlinosity.

4, Current, Voltage Characteristics

Figure 10 shows the measured current-voltage charac-
teristics when there was no externally applied magnetic field.
At sufficiently high currents, the back emf increases as the
slug moves down the electrode gap. This results from the
"backstrapping" effect brought about by the manner in which
the current 1s .carried to the gas slug. In Figure 10, the
lower points represent the voltage drop across the gap near
the entrance of the accelerator and the high points represent
the voltage near the exit.

Curve "A" in Figure 10 represents the voltage re-
qulred to drive a given current across the tube assuming no
electrode voltage drop, that the conductivity remains equal
to the measured upstream value, and that the gas slug is
entirely within the electrode gap. Curve "B" is based on
the sane assumptions as "A" except that the conductivity is
taken as the arithmetic mean of the measured upstream and
downstream values. Thus, the difference in voltage between
the experimental curve and curve "B" may be taken as a
measure of the total voltage drop associaied with the elec=-
tronic processes taking place within the boundary layers.
This potential drop decreases from about 55 volts at J =
3000 amps to about 44 volts at J = 24,000 amps.
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Assumling uniform current density at the electrode

surface, the range of total current J, = 3000 to 24,000 amps

T
corresponds to a current density range of 102 to about le
amps/cm2 when the slug is entirely within the electrode gap.

5. Lvidence of Acceleration

A. Measured Increase in Downstream Front Velocilty

Figures 1l and 12 show the measured fractional in-
V. + AV
crease in shock front velocity ( S v S) for the group of
S

experiments where the working fluid was argon at an initial

tube density of 2 mm., Hg. The curves are fitted through
the experimental points., Not all the experimental points
are shown. When the curve for a gilven applied magnetlc rield
has two branches, the lower one represents the downstream
velocity averaged over the length of glass pipe following
the accelerator as measured by the lonization gages. The
upper curve represents the highest veloclity observed near the
entrance to the downstream glass pipe section. This peak
velocity was measured by means of the rotating mirror camera.
In those experiments for which the shock front velocity was
observed to be constant over the length of the glass pipe,
the simultaneous speed measurements made by means of the
ionlzation gages and by means of the smear camera agreed
within + 3 percent. |

The vertical bars represent experiments in which

smear photographs indicated a change in front speed in the
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channel downstream of the accelerator. The observed change
in front velocity occurred very rapidly, the adjustment being
completed in about one tube diameter of travel, or in a few
n-sec. In some cases the speed reduction took place in one
steb, whereas in other cases the adjustment took place in

- two steps. The distance from the trailing edge of the
electrodes to the point at which the adjustment occurred
varied from about 7 to 14 channel dlameters.

In Figures 1l and 12 lines have been drawn to
indicate the total current for each value of applied mag-
netlic field for which the magnetic Reynolds number at the
exlt of the accelerator becomes equal to the stated values.
The value of the channel lcading parameter (K = ¢ythﬂ eval-
uated at the exit of the accelerator is aiso shown for the
experiments of maximum applied current.

It should be noted that the observed velocity in-
crease in the set of experiments in which no externally
applied magnetic field was used stems from two effects:
first, the compressibility effects of the flow behind the
shock front; and seond, the "backstrapping;" that is, the
body force resulting from the interaction of the applied
current and the magnetic fleld that 1s generated by the
same current flowing along the length of the electrodes.

The strength of this magnetic fileld increases with the total
applied current and has an average value less than 1500 gauss

at the maximum applied current of 25,000 amps. The combined
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compressibility and backstrapping effects result in a down-
stream front velocity equal to 1.35 times the upstream value

for the case of maximum applied current. In the calculatlons

that follow, the magnetic field is assumed to he equal to the

externally applied magnetic field, B , and does not include

the magnetic field that results from the "backstrapping".

The remaining velocity data; that is, the results
for the air experiments and for argon experiments at initial
tube densities of 1 and 5 mm. Hg., are shown in Figure 13.

The argon experiments are discussed in some detail
in the following pages whereas the ailr experiments, being
somewhat less "clean" are presented here only to demonstratc
the feasibility of this acceleration technique in another
working fluid. The lack of clarity in the air experiments
stems from the fact that the chemical composition of the
air admitted to the shock tube was not controlled and much
more of the electrical power is consumed at the entrance to
the accelerator in heating the fluid than in accelerating
it (€ =17).

Since the slug lengths and molecular weights ace
about equal for air and argon, one would expect the increase
in velocity of the two gases to be about the same for the
same values of Bo’ J, and Poe From Figures 1l anq 13 this
is seen to be approximately the case; the increase in shock
front velocity for air being slightly less than that for

argon at low currents and slightly more at high currents.
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B. Smear Photographs

Both vertical slit and horizontal slit smear photo-
graphs were taken downstream of the accelerator. The verti-
cal plctures for the experiments in which the accelerator was
not in operation showed the shock front to be normal to the
tube axis, and that the luminosity boundary separating Regions
2 and 2A of Figure 4 extended over a channel length equal to
a tube diameter. When the accelerator was in operation, the
vertical sméér pnotographs showed the gas in Regilon 2A to
have become luminous, although the luminosity in this region
was not uniform over the tube cross-section, the core of the
flow being considerably more luminous than the outer layers
at lower values of applied current, while the rveverse was
found to be the case at high currents. PFurthermore, for the
experiments where appreciable acceleration was prcduced,
Uﬂ@f> l/?VS), the shock front was distorted (see Figure 24B).

The horizontal smear photographs for the case where
the accelerator wasg not in operation showed the length of
luminous gas and front speed to remain constant over the
full field of view of the camera, about 3 feet. In those
experiments where the accelerator was in operation, the
horizontal smear'pictures indicated that the gas in Region
2A had been accelerated to about the same veloclty as the

gas in Region 2, The smear photographs. are presented in
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more detall in Appendix A. A brief summary of the shock
front anq gas velocities is glven in Table IV for the experi-
ments using argon at an initial pressure of 2 mm. Hg.

TABLE IV
SUMMARY OF SMEAR PHOTOGRAPH VELOCITY MEASUREMENTS

Gas velocity uy at a

BO JT VS+AVS Distance x behind shoecl Distance ovehind
(Measured at Station 4) shock at which
Peak  Ave  u x G essarec ab
kg amps m/sec. m/sec. m/sec. cms V+Y), . Station é) cms
0 0 k250 4250 3600 - .85 -
5 T700 5000 5000 4500 50 .90 60
5 20700 6450 6450 5740 55 .89 120
10 6300 5860 5860 14800 35 .82 60
10 17800 8300 7820 6400 45 .82 100
10 4760 6250 5700 4720 30 .83 £0
15 13330 11600 7550 7250 L5 .97 10C

It should be pointed out here that after the test
slug gas (Region 2) passed through the accelerator, the
applied current continued to flow across the electrode gap
by passing through the cooler gas in Regicn 2A. When the
expanded combustion driver gases filled the gap,* the current
flow was extingulished since the driver gases, being mostly
helium, are not electrically conducting under these condi-
tions. The smear photographs indicate that the gas velocity
decreases to its original upstream value in the vicinity of
the contact discont%puity.

*¥It is to be noted from Table IV that whcen the applied current
was low, the length of gas behind the shock front thatv was
accelerated was not as long as the corresponding length when
the applied current was high. This is apparently due to the
fact that at low values of J, the current is observed to

flow for a shorter time interval than for the case when J 1s
high due to the fact that the current is controlled by the
initial bank voltage, as was previously pointed out.
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C. Time Required for Test Slug to Travel Through Accelerator

With the particular experimental arrangement used
in these tests, all sections of the slug of test gas will
vend to move at the same instantaneous velocity. The reason
for this becomes evident if it 1s assumed, for instance, that
during the early part of the acceleration period, the front
of the slug 1s accelerated to a veloclty greater than the
remainder of the slug. The back emf must then become greater
in the front section of the slug_with a subsequent decrease
in the current density in that region. Since the total cur-
rent supplied to the accelerator is constant, the lower cur-
rent density in the front portion of the slug must be accom-
panied by an increased current density in the remainder of
the slug whiéh results in larger local accelerating forces.
Thus, the induced voltage tends %o maintain the current
density in a manner which leads to uniform axial velocities
along the slug length. In this manner, the slug should tend
to "stay together" as it 1is accelerated.

Figure 14 is a plot of the time interval (tm) that
the slug remains in the electrode gap as measured from the
voltage ! races vs. the time (t) required to travel the same
distance 1f the slug had an average velocity equal to the

mean of the measured upstream and downstream veloclty, namely,

(£) = —= *Ais (9)

v, +_7§J2
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where L 1s the length of the electrode from the station at
which the applied current is turned on to the downstream
end of the electrode (L = 7.4" for the short accelerator;
19.8" for the long accelerator), £ is the axial length of
the test slug at the entrance to the accelerator, and AVS
is the velocity lncrease based on maximum downstream frons
velocity observed by means of the smear camera,.¥

The experimental points fall close the the 450
line which, together with the assumption that the slug length
remalns essentially constant as it passes down the accelera-
tor, implies that the average velocity of the slug while in
the accelerator is approximately equal tothe arithmetic
mean of the measured velocity upstream and downstream of

the accelérator.

D. Measurement of the Time Rate of Change of the Voltage
Across the Electrodes

The measured voltage drop across the electrode
gap 1s due to three effects; the voltage required to drive
the current across the test gas (Jng), the induced back
emf (uBoh), and the voltage drop associated with the elec-

tronic processes occurring within the boundary layer (m).

*In the smear photographs the shock front does not become
visivle until the shock has travelled about four tube dia-~
meters from the downstream end of the electrodes.
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Thus the voltage drop across the slug may be expressed as:
¢ =Jg . Rg +uB h + v (10)
and the change of voltage with time may be expressed as:
%%:JS;?&+Rg.a%%+Bon§%+§% (11)
Of the four terms on the right-hand side of the
last equation, the first will be negative as the slug enters
the gap since the area across which current can flow is inw-
creasing and continues to be negative when the test gas is
entirely within the gap due to the fact that the gas con-
ductivity is increasing as a result of ohmic heating. The
first term finally becomes positive as the test gas leaves
the electrq@e gap. The second term 1s positive for about
the first 35 p-sec, of current flow, and is negative after-
wards as may be seen from the typlcal current trace of Figure
4, The fourth term is seen to be approximately zero from
Figure 10 in the case of the short accelerator for all
values of JS and one would expect the same to hold true for
the long accelerator, and thus the fourth term may be neg-
lected compared to the other three terms, The relative
importance of the first three terms of the equation are
shown in Table V for & few values of Jg, Bo,and the time
elapsed from the beginning of current flow (tJ)where %% is

AVS
assumed equal to .85 p .
t

m
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TABLE V

RELATIVE MAGNITUDE OF TERMS

oR ou bJS ou
B, Is JS_E%/BohEE Rg—BE/BohEE
KG amp t J=lOp.S t J=35 t J=45 t J=10p,s ‘cJ=35 t J=45
5 15,000  =1.5 0 0 + 3 0 - 0.2
10 15,000  =0.2 o +02 + 0.4 0 = 0.05

Since, rrom the data, it is difficult to discern an
accurate value of 00/0t over a time interval shorter than
about 25 pu-~sec., the evperimental veriflcation of the manner
in which the voltage across the gap changes with the velocity
of the test slgg is not accurately possible dve to the in-
fluence of first and second terms of Equation (11). A plot
of the average measured values of these two quantities showea
that %% at low values of B

ou du
h 107 ald arger tLhar ~de 1
Bo“ 3 and equal to or slightly large han Boh 5t &b high

o Was almost twice as large as
values of Bo’ a trend that would be expected from the com-
parisons shown in Table V,

6. Comparison of Predicted and Measured Velocity Increase,
Momentum Balance

Jf the test gas 1s assumed to be represented by a

simple slug model where the mass (M) remains constant and

ARV



equal to pu A2 as measured upstream of the accelerator and

1s acted on by a body force, J Boh, for a time interval

tm equal to the measured time interval from the initiation

of current flow until the talil of slug leaves the accelerator,

then the total change in the gas velocity is given by:

Jd B ht
0 m

M = e ——— (12)

If the gas velocity 1s assumed to be 0.85 times the shock
fron velocity as previously discussed, then Equation (12)
may be expressed as

J Bh tm

.85 AV~ — 20 (13)

The experimental values of Equation (13) are plotted in
Figure 15. The measured change in shock front speed used
in this figure is the peak change observed by means of the
smear camexa; that Is, 1t corresponds to the downstream
shock front velocity over apprcximately the first 10
channel diameters Jdownstream of the accelerator. Curve A
is based on the assumption that all of the current supplies
to the accelerator during the time interval (tm) goes through
the test gas (Reglon 2). Curves B and C correspond to the
short and long accelerator, respectively, and are based on
the assumption that the total current supplied to the
accelerator during the time interval (tm) divides, part

going through the test slug, and the other part going through
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the gases behind the test slug (Region 2A). Furthermore, it

is assumed that the gases in both Region 2 and 2A pass through

the accelerator at about the same speed and that the total

current divides as it would for two resistors in parallel. .
The relative average resistance of the gases in Regions 2

and 2A were estimated from the measured voltage and current

vs. time responses. Thus, the current that passes across

the gap by going through the test slug is given by the ex-

pression:
Ip I
JS = TR 7R = I'59 for short accelerator
82" Bop
5 (14)
= ngg for long accelerator
where JT is the total current supplied to the electrodes,
and RgQ and Rg are the resistivities of the gas in Region 2

and 2A, respecgévely.

To compensate for the aerodynamic and magnetic drag
(that is, the attenuation observed when no current is applied),
the predicted curves in Figure 15 are drawn not through the
origin but rather through the experimental ordinate inter-
cept. Drawing the curves in this manner implies that the
total attenutation through the machine due to the aerodynamlc
drag and magnetic field is always represented by a constant
drop in velocity (about 500 m/sec.) independent of the mag-

nitude of the acceleration. From Figure 15 it is seen, for
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the case of the short accelerator, that the experimental
points follow the trend of curves B but fall slightly below
the curve except for the experiments conducted with the
lowest applied magnetic field. For these experiments, the
"vackstrapping" effect at high currents augments the applied
body force with the result that these points fall above
those for experiments conducted at larger values of the
appllied magnetic field. For the case of the long acceler-
ator Figure 15 shows the experimental points to lie close

to curve C.

It is known from shock tube experiments(lo) and
can bec easily seen from the smear photographs presented in
Appendix A, that as the shock travels downstream, the lumin-
ous test slug remains abcat constant in length and attenuates
about 5 percent in speed over a channel length in which a
mass of ‘“new" fluid equal to that of the test slug is
accumulated by the shock. The momentum imparted to this
accumulated mass must then be delivered by the push of the
driver gas and the slug length remains constant due to the
fact that the 'new" luminous fluid is accumulated at the
same rate as moving luminous fluid is lost to the tube walls.
In the case where the test gas is substantially accelerated
it is not clear whether the excess momentum (AMAu) over that
normally imparted in the absence of the accelerator (uaM)
to the 'new" fluid accumulated by the shock as it moves

through the accelerator is imparted by means of the driver

B
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gas pushing or by the MHD body force. In order to judge
which of the two is the source of the excess momentum, the
measured values of Au are plotted in Figure 16 against the
calculated Au for the test slug with a current Jg and a
magnetic field Bo' The predicted curves are again drawn
through the ordinate intercept to compensate for the aero-
dynamic and magnetic drag. Curve A is based on the assump-
tion that the MHD body force due to JS and Bo accelerates
from u to u + Au only a mass M equal to upstream slug mass,
whereas for Curves B and C the mass 1s faken equal to the
original slug mass M plus the mass (AM) accumulated in the
short and long accelerator respectively. From Figure 16 it
is seen that the experimental points in general fall closer
to curve A than to B or C, indlcating that the gases in back
of the test slug provide the source of additional momentum
to the accumulated fluid and thus the MHD body force associa-
ted with the current flowing in the test slug (Js) appears
to be accelerating a fixed mass, M.

The ratio of the measured increase in gas velocity
to the ideal increase is a measure of the accelerator's
ability to impart momentum to the gas flow and may be spoken
of as the "momentum efficiency". It is nct clear whether
the "ideal'" Au for the test gas shoulé be based on all the

' T8ty

current supplied to the machine (Au = ———M--) or vhether it

should be based only on the current that passes through
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Jd B¢
the test gas (&u = —=-2-M), Both of these criteria imply

M
that the mass of the test gas remains constant and that
both the momentum (uAM) as well as the excess momentum
(bu aM) is imparted to the test slug by the push of the
gases that follow. However, the former criterion implies

that in the absence of current flowing through the gases in

Region 2A, the gases behind the test slug could not supply
all of the momentum to the "new" fluid,therefore, on the
basis of this critericn, the sum of the currents through
Region 2A and 2 must be charged to accelerating a slug of
constant mass M and the "momentum efficiency" is about

70 percent for the short accelerator, and about 60 percent
for thg long accelerator. Based on the latter criterion,
the momentum efficlency of the accelerator is about 90 per-
cent.

In order to determine clearly the momentum efficiency
of the accelerator the ambiguity introduced by the current
dividing between Region 2 and 2A must be removed and further-
more, sufficient test gas must be provided to establish
steady flow. Experimentally this requires a test slug length
which is long compared to the diameter and electrode length.
It was not possible to meet these requirements with the exist-
ing equipment and st the same time produce substantial ac-
ceicsation.

Since the smear camera results showed the gases in

Region 2A as well as those in Region 2 to be substantially
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’ accelerated, it is interesting to compare the measured in-

crease in veloclty to what would be expected for a steady

% state flow device. Here it 1s assumed that the magnetic

f field 1s constant over the accelerator length and that the

] voltage drop across the gap is also constant along the length

1 of the electrodes. Thus, at the entrance to the accelerator,

the current density is high and the induced electric field

is low, whereas at the exit the current densitylms decreased
to zero and the induced electric field has increased so as

to equal the applied field. Writing the conservation equa~
tions for the model, with argon as the working fluid, between

the accelerator entrance (1) and exit (2) gives:

Mass: pju; = pou, = G (15)

2 [

2 Momentum = p, + p,u," + B) av

X 2
A = Pp tPRY (16)

The equation of state and expression for enthalpy are:

State: P = p(1 +a) R T (7)
!
5 9
Enthalpy: H =2 (1 +a) RT +a —= (18)
o} m,
where: 9y = lonization potential per atom
m, = mass per atom of original gas

These together with the expression for the percent lonization
which may be obtalned from the law of mass actlion assuming

thermodynamic equilibrium

—— e — B T STUV Wy




57 =
5 - L
o« = [2.54 x 107 55;75 exp (821 x10%) 1173  (19)
where: T = temperature °x

P = pressure in atoms,

form a set of six equations in six unknowns fecom which the
increase in velocity may be determined as a function of

the parameter, i?%Eu Figure 17 shows a plot of the measured
increase in speed (Au= 0.85 Avgp) as a function of the above
parameter. Since this parameter is about the same as the
expression for the velocity increase based on the simple slug
model for the case of the short accelerator (JB Q/ﬁ/% ) one
would expect the experimental points to lie close to the pre-
dicted curve which is seen to be the case from Figure 17.

For the long accelerator M/%m is appreciably smaller than m
and the experimental points fall above the predicted curve.
It should be noted here that the density used in the steady
state flow calculation was the density of the gases in Reglon 2,
whereas the density of the gases in Region 2A is uncertain
and depends on the unknown values of the temperature and com-
position of the gas; that is, whether the gas 1s cold argon
or a mixture of argon and driver gas.

7. Energy Conversion Efficiency and Energy Balance

The ratio of the increase in kinetic energy (AKE)
of the test gas slug to the electrical energy imput (J.0 tp)

may be taken as a measure of' the energy conversion ecificliency
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of the device, Again as in the case of determining the
momentum efficiency, the question arises as to whether the
total electrical energy delivered to the electrodes during
the time interval (tm) should be charged to accelerating the
flow or whether only that part of the energy associated with
the current passing through the gas in Reglon 2 should be
used. The energy conversion efficiency based on each of
these two criteria is plotted in Figure 18 against themte

of electrical energy input. The total input power range is
from 0.5 to 11 megawatts. Over all but the lower end of this
power range, the energy conversion efficiency is of the order
of B0 percent when based on the former criterion, and of the
order of 60 percent when based on the latter,

Based on the two criteria, Figures 19 and 20 show
how the electrical energy supplied to the accelerator during
the time (tm) is proportioned among (A) increasing the kinetic
energy of—the test gas slug, (B) dissipation at the electrode
surface due to the voltage drop associated with the electronic
processes taliing place within the boundary layer, (C) chmic
heating of the gas, and finally (D) the remainder of the in-
put power, which is assumed to represent boundary layer losses,
Part of this last loss (E) is due to current densities larger
than the free stream value passing through the Hartmann
boundary layer and another part (F in Figure 19) represents
the energy associated with the cﬁrrent passing through the
gas in Region 2A. This fraction (F) will not show up in
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Figure 20 since for the criterion used in that Figure the
current J2A is not assumed to compensate for boundary layer
losses in the test slug. As was assumed in analyzing the
measured open circulit voltage, it is assumed that the Hart-
mann Jayer is of constant thickness 8}{==V€§7Uﬁ§zf along the
length of the electrodes and that the conductivity of the gas
in these boundary layers is the same as the free stream gases.
Furthermore, 1f it is assumed that the induced electric field
in this region varies linearly from zero at the wall to the
free stream value at a distance SH then the percent of input
power that is effectively dissipated in the Hartmann layer

is glven by the expression:

[E(] - J=) dy
T T J.0
The relative size of the energy loss associated

with the voltage drop at the electrode surface depends on

! the magritude of the induced electrical field in the accelera-

; te . This loss 1s as high as 45 percent of the input power
for low values of Lhe applied magnetic field and current
(thus low values of uBoh) and as low as 5 percent for high
Qalues of applied field and current.

[ The percent of input power dlssipated by ohmic heat-
ing of the gas depends on the ratio of "heating power" to
"pushing power" (£ = j/(°uB)) and thus for a given value of
B this loss increases Qith increasing current, and for a

given value of current this loss decreases with increasing
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BO. This loss ranges from 2 percent to 13% percent of the
input electrical power.

The total boundary layer loss is assumed to be
the difference between the electrical energy supplled and
the sum of A, B and C (Figures 19 and 20) in both criteria.
Thus the percent of input energy lost due to boundary layers
is in the range 55 to 40 percent depending on the power level
1f all the current is changed to accelerating the test slug
and 25 tolo percent 1f based only on the current flowing
through the test gas. The estimated energy loss due to
high current densities in the Hartmann boundary layer accounts
for about 15 to 5 percent of the input electrical energy.

From Figures 19 and 20 it is to be noted that all
but a few percent of the inﬁut energy is accounted for by
summing the increase in kinetic energy of the slug, the
energy loss assoclated with the electrode voltage drop,
energy dissipated by ohmic heating of the test gas, energy
assoclated with the fraction of current, that passes through
the cooler gas in Region 2A and the energy loss associlated
with high current densities in the Hartmann boundary layer.
The portion of the input energy which is not accounted for
is shown by crosshatching in Fligures 19 and 20.

8. Electrical Conductivity Measurements

Figure 21 shows the values of the electrical con~
ductivity measured at stations 23" and 36" from the down-

stream end of the electrodes, respectively, as a function




ol the square of the applied current forthe full range ot

applied magnetic fields and an initial tube density of 2 mm.
Hg. using argon as the working fluid. The curves labelled
"equilibrium " in Figure 21 correspond to the conductivity
for an equilibrium shock «t the same initial tube density,
and moving with constant velocity, the magnitude of this

veloclity being equal to the average observed front velocity
downstream of the accelerator for each particular value of
current and applied magnetic field. The experimental re-

3 Jation that was found to exist between the applied current
magnetic field and downstream veloclty was previously shown
g’ in Figures 11 and l2.

In order to calculate the equilibrium conductivity,

the gas temperature was calculated from the conservation
equations using the same procedure ag in Reference 13%. From
the calculated temperature, the equilibrium conductlvity is
determined from Spitzer theory for a fully ionized gas(lu).
Lin(9) has shown good agreement to result between this method
of predicting the equilibrium conductivity and experimental
results in shock heated argon over a range in conductivity
up to about 60 mhos/bm. The upper limlt of measured con-
ductivities in the accelerator experiments was about 110
mhos/cm.

The curves labelled "heating" correspond to the

conductivity that would result if the test slug was heated

at constant vclume, the heating rate being JeRand the time
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of heating being equal to the time the slug spends in the

Rl

electrode gas (tm). Since, for a given current the time

(tm) decreases with lncreasing values of the applied mag-

TP T

netic fleld, an average valuc was used in constructing the
"heating" curves, and a double arrow 1s used to indicate
the extremities of the averaging.

3 Despite the relatively large scatter in the data,
Figure 21 indicates that the measured values of the con-

ductivity of the slug agree more closely with the values

that are predicted on the basis of ohmic heating rather than
if the gas was shock heated up to the equilibrium temperature
for a normal shock moving at the same front speed. It should
be pointed out here that the length of "new" fluid accumu-
lated behind the shock front as the front passed along the
electrode gap was about 3 cms for the short accelerator and
about 7 cms for the long accelerator, and in addition, about
another 7 cms of "new" fluid is accumulated as the shock
travels to the station at which the electrical conductivity
( was measured.
The measured conductivities shown in Figure 21
correspond to the average conductivity over about the first

15 cms of the test gas slug. From the conductivity responses

as well as the smear phutographs, the first few cms. of gas
appear, in some cases, to be somewhat hotter than the remain-~
der of the gas. Nevertheless, the substantial increase in

the observed conductivities for the long accelerator as

e han A sttt - 2 o
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compared to the values observed for the short accelerator
ratses the question as to the mechanism which brought about
this increase. Order of magnitude arguments rule out eddy
currents as the possible source of the required substantial
heating, since, as can be seen in Figure 21 the "total

eddy current would have to be greater than JT. The exis-
tance of shock waves in the flow within the accelerator

could provide substantial heating of the gas. Photographic
evidence of the flow within the accelerator would be necessary
to verify the assumption of shock waves.

9. Generator Experiments

Three experiments were run with the electrodes
shorted through an exbternal load instead of being connected
to a capacitor bank. These experiments were run in argon
and an initial density of 2 mm., Hg. The average shock speed
was 4900 m/%ec at the entrance to the generator section and
4IOm/%ec. at the exlt. The measured electrical conductivity
downstream was about 25 mhos/cm as compared to the usual
value of aboul 40 mhos/cm for open circuit runs.

The open circuit measured voltage was 125 volts.
In all three experiments where current was drawn, the
measured voltage across the gap was about 60 volts, the
current had an average value of 5100 amps over the 150 p~sec
interval of current flow. This was an average output of
0.5 megawatt and an average (over entire electrode surface)

current density of about 150 amps per cm2.
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The gap resistance was calculated to be 1.82 x lO-3

ohms, based on the geometry correction due to Fishman(ll)

and on the mean value of the upstream and downstream con-

ductivity and assuming that the slug is entirely within the

electrode gap. Thus the JR voltage drop within the gas
accounts for only 9.3 volts of the 65 volt drop observed

oy

across the gap. The remaining 56 volts must be associated

with the electronic processes that take place within the
boundary layer at this current level.
It is interesting to note that current continues
4 to flow through the external circuit for a time interval
g that approximately corresponds to the time required for

the '"ideal" slug length cf argon to pacs through the elec- '

trode gap. Since the driver gas behind the ideal argon-
driver interface is about 75 percent helium, it will not
be electrically conducting at the temperature available and
thus no current will be able to flow across the gap when the

ériven gas is present,

[ T
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IV. CONCLUSIONS

1. The experiments indicated that the eddy cur-

rents flowing in the gas as the gas leaves the magnetic field

reglon do not appreciably decelerate the flow even when the
magnetlc Reynolds number is greater than unity. For these
1 experiments, the total gas dynamic pressure was larger than

the magnetlic pressure.

2. The measured open circult voltages were a few
percent lower than the calculated values for a circular
channel which indicates that there are no detrimental in-
ternal short circuilt paths.

5. By apportioning the total current vetween the
test gas and the cooler gas that follows, the momentum and
energy can be balanced. This balancing indicates that the
momentum of the "new" fluid accumulated behind the shock as
it travels through the electrode gap is supplied by the
gases behind the test slug so that the MHD body force assoc—
lated with the current passing through the test gas appears
to act on a slug of constant mass. Using this model of a
test slug of constant mass all but a few percent of the
electrical input energy supplied to the test gas can be
accounted for by summing the increase in kinetic energy,
the energy loss due to the electrode surface voltage drop,
cnergy dissipated by ohmic heating and the energy loss assoc-
iated with high current densities in the assumed Hartmann

boundary layer.
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4, The ratio of the measured to the ideal cal-
culated increase 41n gas veloclty may be taken as a measure
of the "momentum efficiency" of the accelerator. If the
current that passes through the test slug is charged to
accelerating a slug of fixed mass then the momentum efficiency
Ls about 90 percent for both the short and long accelerator.

5. The ratio of the increase in kinetic energy of
the test gas to the input electrical energy may be taken as
a measure of the energy conversion efficiency of the accelera-
tor. If the electrical energy associated with the current
flowing through the test gas is charged to accelerating a
test slug of constant mass, then the energy conversion ef-
ficiency 1s about 70 percent for the long accelerator and
about 50 percent for the short accelerator at power levels
greater than 3 megawatts, and falls off at lower power levels.

6. The percent of electrical energy that must be
charged as a loss due to the boundary layers in the machine
decrea’ 3 with increasing power level, The estimate of
this loss indicates that it 1s about 25 percent at a power
level of 1.0 megawatts and reduces to about 10 percent at a
power level of 5 megawatts.

7. The measured increase in electrical conductivity
of the accelerated gases 1s approximately accounted for by
ohmic neating in the case of the short accelerator, whereas
for the long accelerator the measured increase in conductivity

is appreclably more than can be accounted for by ohmic heating

I ]
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alone. This gives rise to speculation as to the possibility

of standing shocks within the accelerator.




i i Tr—— T L e s
va*«xt-m“"" "~ ol . = B e R - Bt g

-H8-

APPENDIX A

Smear photographs of the flow downstream of the

accelerator,

l. Ovrindary shock tube flow, no applied current or magnetic

field,;pl = 2 mm. Hg. short accelerator.

I"igure 22A shows a horizontal smear photograph of
the selfl luminosity of the test gas as it travels over the
first 30" of gla.z channel downstream of the accelerator.

The length of the luminous gas 1s seen to remain approximately
constant despite the fact that at these operating conditions
the slug should have ideally increased in length by an addi-
tional 10 cms.

Near the entrance to the glass channel the lumin-
osity ls lowest near the shock front but as the slug moves
downstream this low luminosity region moves to the rear. One
would expect this region of low luminosity fto have a lower
electrical conductivity than the remaining hot gas and this
is seen to be the case from electrical conductivity measure-
ments made near the downstream end of the glass channel (sce
Figure 9E) but this effect is not discernable in measuremerts
made nearer the upstream end of the glass channel (see Figure
9A).

Flgure 22B shows a vertical slit smear photograph
of the flow at a station 11" downstream from the tail end

of the electrodes, The luminosity doces not vanish at the
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same time over the entire channel cross section but rather
begins to vanishab the top of the tube and ends at the bottom
E about 15 p sec or 6 cms. later.

2, Acceleration Experiments

The smear photographs show that the gas in Region
2A which was seen to be non luminous for the ordinary shock
tube flow nas become luminous and has been accelerated to
almost the same velocity as the gas immediately behind the

shock front. Furthermore, in the vicinity of the "ideal"

f interface between the driver and driven gas the veloclty
decreases to its original upstream value. For the short
accelerator the luminosity patterns indicate that the length
of test gas (Region 2) is about the same downstream and up-
stream of the accelerator for low values of JT whereas for

high values of J, no sharp luminosity boundary was observed

T
which would indicate a slug length. For the long accelerator
the downstream flow was obcerved to bear a closer resemblance
to "slug flow" than in the case of the short accelerator,
that is to say, the tlow was characterized by a hot slug of
gas followed by a much longer length of appreciably cooler
gas,
! For the short accelerator when no magnetic fiela
was applied externally as well as for experiments with an
externally applied magnetic field but low currents, a region

of low luminosity was observed a few cms behind the shock

front.
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At sufficiently high accelerations the shock front
was observed to undergo a rapid decrease in velocity down-
stream of the accelerator. In most cases this speed adjust-
ment took place in one step about ten diameters downstream
from the electrodes, although in a few cases two such speed
adjustments were observed., Also at sufficiently high accel~
erations the shock front was considerably distorted.

The only appreciable difference between the photo-
graphs forthe air and argon experiments was that the shock
front velocity in air decreased raplidly in a continuous rather
than step fashion as the shock moved over the first hall of
the glass channel.

A. B_ = 0, short accelerator, working fluid argon,

v

Figure 23%A shows a vertical slit picture for JT =
7,500 amps and B, = O taken at a station 11" from the end
of the electrodes. The region of low luminosity is clearly
visible and extends from 1 to 4 cms hehind the shock front.
The length of test slug is seen to be about 15 cms. The
gases in Region 2A contain ‘“patches" of gas with high local
luminosity which show up as streaks on the horizontal slit
plctures. Furthermore the slope of these streaks should
represent, and thus provide a measure of, the average local
gas velocity. A summary of gas velocities measured by means

of these streaks 1s given in Table IV of the text.
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Figure 23B shows a horizontal smear photographs
for JT = 20,700 amps and Bo = 0., The shock front has a
constant speed of about 6,450 m/sec of 1.36 times the up-
stream value. The slope of the "luminosity front" at. the
rear of the region of low luminosity is constant and corres-
ponds to a velocity of 5,700 m/éec. This luminosity front
is obviously a gas front and not a shock front.

B. By =5, 10, 15 kilogauss, short accelerator,

working fluld argon pi1 = 2 mm Hg.

Over the range of applied magnetic field and charac~
teristics of the smear photographs did not vary appreciably
for a given value of apvpllied current. ‘Therefore, only two
representatives vertical and horizontal photographs are re-
produced here one of each at a low and a high value of the
current.

Figures 24A and B show vertical smear photographs
taken 11" downstream from the electrodes for Ip = 4,500 amps,
B, = 10 kg and JT = 11,800 amps, BO = 10 kg. respectively.
From the lower current experiment the shock frent is seen
to be normal to the tube walls and the luminosity begins to
diminlsh near the walls whlle the core of the gas remains
luwninous for an additional 2 diameters. The photographs
for the higher current run shows the shock front to be

considerably distorted and that the luminoslty diminishes
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first in the core of the flow and finally at the tube walls
some 20 diameters later,

* Figures 25A and B show horizontal smear photographs
for J

= 6,300 amps, B, = 10 kg and Jq = 17,800 amps, B, =

T T
10 kg respectively. Near the entrance to the glass channel
the luminosity pattern indicates a slug length of about 17
cms for the lower current run whereas for the higher current
run it vas not possible to distinguish a slug length. A
region of low luminosity a few cms. behind the shock is
visible in the lower current photographs whereas no such

regions appears in the case of high current runs.

C. B = 10, 15 kilogauss, long accelerator, work-

7

ing fluid argon, p, = 2 mm Hg.

Figure 26 shows a horizontal smear photograph for

J.. = 16,500 amps and B, = 15 kilogauss. A rapid change in

T
shock front speed is clearly visible about 10 diameters down-
stream from the electrodes. The shock front speed is about
11,600 m/sec before the veloclty adjustment and about 8,500
m/%ec afterwards. The luminosity pattern of the photograpn
indicates a slug length of 14 cms.

D. B = 10 kilogauss, long accelerator, working

\/

fiuid air,;pl = 2 mm Hg.

Figure 27 shows a horizontal smear photograpn for
an experiment in air where Jn = 18,000 amps, B, = 10 kg.

The shock front veloclty is seen to decrease in a smooth

— e o — e Ciaa i
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rapld manner near the entrance to the glass channel. Over
the first 7" of visible flow the shock front velocity de-
ﬁ creased from about 16,000 m/sec to about 9,500 m/sec.

5. Multiple Shock Pattern

In about 10 percent of the experiments with the
short accelerator two and sometimes three shocks were observed
# in the smear photographs and the electrical conductivity
3 measurements. Figure 28 shows a horizontal smear photograph

of an experiment uslng argon at Py = 2 mm Hg. as the working

fluid with Jq = 11,400 amps and BO 15 kilogauss. The
velocity of the first and second shock near the entrance to

the glass channel are 8,420 m/sec and 10,700 m/sec respectively.
Both shocks slow down as they move downstream butr the second
shock slows considerably more than the first with the result
that at the downstream end the two shock speeds are 7000 and

7,900 m/sec respectively.
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Fige 1. Magnetogasdynamic channel
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b. Representative sketch of the voltage drop across the ele ctrodes
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c. Representutive sketch nf the total current vs time.
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B hoed 5 kgo
V8rtical 100 volts/.6 cm.
Sweep 50 #“sec. / cm.

BO = 10 kgo
Vertical 50 volts/cm.
Sweep 50 4/ sec./cm,

Bo = 15 kg.
Vertical 100 volts/cm.
Sweep 50 A gec/cm.

Mg. 5 Open circuit vs. time responses for the short accelerator
€ usigg argon at 2« 2 mm Hg. and megnetic fields of 5, 10, and
15 kilogauss.
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B 0
Vert. 2 v/cm
Sweep 20 ms/cm
B
Vgrt. 2 v?cm
Sweep 20 ps/cm
Bo 7.5 kg
Vert. 1 v/cm
Sweep 508/cm
Bo 10 k
Vert. «5 v/cm
Sweep 504 s/cm
Bo 0
Vert. 1 v/em
Sweep 20 v s/cm

Electrical conductivn.tﬁ gage responses at various values of Bp using
e

argon at =

e was located 23" downstream from the

electrodes for (a) through b) and 36" downstream for (e).
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Qv *"Vv.od A avg \M/saC)

Bo =15kg
a Bo =10
X Bo =5

Open - Short Acc.
Closed - Long Acc.

I |

5,000 10,000 15,000
ELLAL

Measured incroase in- veloclty vs value predicted on the bssis
of the slug model of constant mass of argon, £ = 2mm Hg. Curve
A assumes that £ll the applied current paszes through the test
ga8 wnereas Curves B and C, for the short and long accelprator
respectively, assumes that some of the applied current passes
tarough the gas in Re.fon 2A.
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10,000

AU =085 x AVg (m/sec)

5,000{—

o Bo='5kg
Q Bo=10
X Bo= 5

Open - Short Acc.
Closed - tong Ace.

5000 10,000 15,000
Js Bo h ¢pm

v {m/sec)

Measured increase in velocity vs value predicted on the basis
of the slug mod-2 for argon at £ = 2mm Hg. Curve A 1s based
on a slug mase equ.l to the upstream value M. Curves B and C
are based on a slug of mass N plus the fnew' mass &ccumulated
by the shock in the ¢lectrode gap of the short and long
fdczelerator respectively.
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B Electrode Av 8
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5 0.6 —/ C Ohmic Heating 4 )A -
- D Total Boundory
3 0.4 Layer Losses — - |
g
Y A Kinetic Energy N |
s h
2 I O I I U RO IR
ol 2 4 6 8 10 12 o] 2 3 6 8 10 12
Js* ¢ (megawatts) Js * ¢ (megawatts)
a. Short Accelerafor By = 5 kg c.Long Accelerator B, = kg
Vor—T—T—7T—T T 7 T T 1 _ T T 1
B A
0.8}- —— -4  F £ Jo ~
O.GL c ]D ~ - A -
/ A
04 — = -
02 . — - -
"rl l | | L1 | | L1 I 1
0 2 4 6 8 110 12 0 2 4 6 8 10 12
Jg * ¢ (megawatts) Js ' ¢ (megawaits)
b. Short Accelerator Bo = I5 kg d.Long Accelerator Bg = \5kg

Flg., 20. Energy balance for ergon st 4= 2mn Hg based on the current (J)

& paasigg through the tegt slug.’ The crosshatched portiun 1s the
percent energy unaccounted for after swwing (A) the increcase in
kinetic energy of the slug (B) energy dissipated due to electrode
surrsce voltage drop (C) energy dissipated in ohmioc heating and
(R) energy dissipated as a result of short circuit currents in the
Hartmann boundary 1layer. The total boundary layer lcss (D) Zs assuned
to be the difference between unity and the sum of (4),(B) and (C).
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Measured electricel conductivity downstroam of the accolerator
v8 the squars of the curront flowing through the test gas. These
experiments wqre run in argon at 2= 2mm Hg. Fig. 21 a is for
the short accelorator and 21 b for the long accelerator. The
solid ourves represent the conductivity for an equilibrium shoch
moving &t the same specods The dashed curves reprosent the

oondusitivity that would result from ohmin hoating of tho gas
at constant vclume,
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Fig. 22
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Smear photographs of ordinary shock tube flow downsiream of the
short accelerator using argon at an initial density of/ = 2 mm Hg.
Fig. 22 a. was taken through a horizontal slit starting at station d.
F:tg%iZZ g. was taken through a vertical slit about 4 diameters from
station d.
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Fig. 23
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Smear photographs of the flow downstream of ike short accelerator
with no externally applied magnetic field. Argon at / = 2 mm Hg. was
the working fluid. Pig. 23 a was taken through a horizontal slit
starting at station 4, and Jp = 7,500 amps. Fig. 23 b was taken
through a vertical slit about 4 diemeters from station d, and JT =

20,700 amps.
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Rig. 24 Verticzal smear photographs of the flow downstream of the short
accelerator, about 4 diameters from station d. The working fluid
was argon at” = 2 mm Hg., By = 10 kg. and Jp = 4,500 and 11,800
anps for a. and b. respectively.
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Pig. 25 Horizontal smear photographs of the flow downstream of the short
accelerator, starting at station d, with B, = 10 kg. and argun as
the working fluid at P = 2mm Hg. JT = 6,308 and 17,800 amps for a.
and b, respectively.
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Pigs. 26 and 27 Horizontal smear photographs of the flow downstream of
the long accelerator starting at station d. Pig. 26 is for argon
et « 2 mn Hg.. By = 15 kg. and J; = 16,500 emps. Mg 27 is for
air at £ = 2 mm Hg., By = 10 kg. end JT = 18,000 amps,
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Fig. 28 Horizontzl smear photograph of the flow downstream of the
short accelerator shewing a double shock in argon at £ = 2
mm Hg., Jp = 11,400 amps and Bg = 15 kilogauss.
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